The reactivity of the 5-arylidenerhodanine and 5-arylideneisorhodanine derivatives in reactions with dimethyl maleate was computationally studied at the DFT(M06-2X)/6-311+G(d,p) theory level. Eight stereoisomers of the reaction products were considered. The effect of the solvent was taken into account by means of the continuous and discrete models for acetic acid (PCM and three CH 3 COOH molecules). Aromatic stabilization of the transition states was documented by the values of HOMA, NICS(0), and NICS(1) indices. The higher reactivity of the isorhodanine derivative was associated with a relatively low activation energy, ΔE a (15.2-22.3 kcal mol ) were obtained. The reactivity was also studied from the perspective of the frontier molecular orbitals, the energy gaps between the HOMO and LUMO, the flux of electron density, the Fukui functions, f + (r), f − (r), and f 0 (r), and the global indexes defined in the conceptual DFT, i.e., the electronic chemical potential, chemical hardness, global electrophilicity, and empirical nucleophilicity index.
Introduction
Many researchers involved in the synthesis of organic compounds are focused on heterocyclic systems. These systems are studied because of their potential applications in pharmaceutical chemistry [1] . In the case of heterocyclic compounds, one of the synthesis methods is based on the Diels-Alder (DA) cycloaddition reaction. Formally, the official date of the discovery of the DA reaction is considered to be the year 1928, when a paper entitled BSynthesen in der hydroaromatischen Reihe^was published [2] . Since then, cycloaddition reactions have been widely used in organic synthesis [3] . They are used to obtain, inter alia, heterocyclic compounds with potential biological activity. One group of such compounds, exhibiting antitumor, anti-inflammatory, and antibacterial activity, are derivatives containing the pyrano [2,3-d] thiazole core [4] .
Obtaining new compounds with therapeutic activity is a very important challenge for modern medical chemistry owing to the growing threat to public health. Important challenges include pathogenic microorganisms that acquire resistance to currently available drugs and pervasive neoplastic diseases. One of the reagents in the Diels-Alder reaction is the corresponding diene system. Very often, the 5-arylidene derivatives of 2-sulfanylidene-1,3-thiazolidine-4-one, commonly named rhodanine, act in this type of reaction [5] . Rhodanine, and its isomer, 4-sulfanylidene-1,3-thiazolidine-2-one, colloquially known as isorhodanine, have been studied for more than a century because of their interesting biological properties. The 5-arylidene derivatives of rhodanine and isorhodanine are shown in Scheme 1.
It is intriguing that the diene system present in 5-arylidenerhodanine is rarely used for the synthesis of new heterocyclic compounds. Reactions occur only with very
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active dienophiles and their course depends on the nature and location of the groups present in the arylidene substituent. The electron-withdrawing group in the arylidene moiety facilitates the reaction [6] . On the other hand, the diene system present in 5-arylideneisorhodanine has significantly higher reactivity and is used much more frequently to carry out the DA-type cyclization reaction [7] .
Our parallel experimental research indicates that the DA cyclization of 5-arylidenerhodanine derivatives with dienophiles, such as acrolein, maleic anhydride, dimethyl maleate, or acetylene dicarboxylic acid dimethyl ester, did not occur at all or occurred at very low yields. In contrast, cyclization reactions of 5-arylideneisorhodanine derivatives with the same dienophiles occurred with good or very good yields [8] .
We decided to explain the difference in reactivity of both diene systems using computational methods. This study focused on the reaction of 5-arylidenerhodanine (rhodanine, Rd) and 5-arylideneisorhodanine (isorhodanine, IsRd) derivatives with dimethyl maleate (DMm), which were studied in both the gas phase and in solution.
Computational details
All calculations were carried out using the Gaussian 16 (G16) programme [9] . The exchange-correlation functional from the Minnesota group, M06-2X [10] and standard Pople basis set, 6-311+G(d,p) [11, 12] were used as encoded in G16. The calculations were performed for 0 K. Two different environments were considered, i.e., the gas phase and using acetic acid as a solvent. The PCM model (ε = 6.2528) was used for the solvent simulation [13, 14] . Optimized structures were examined by IR-frequency calculation, yielding no imaginary frequencies for the reagents and products, and one imaginary frequency for all structures of the transition states (TS).
The activation energy (ΔE a ) was calculated as the difference between the total energies (E tot ) of the structures of the TS and the optimized structures of the reagents. The values of E tot were corrected using the zero-point vibrational energy. The energy of the reaction (ΔE r ) was calculated as the difference of E tot with the zero-point vibrational energy correction between the products and reagents.
The values of the transferred charge, Δq, for TS were calculated with the natural bond orbital (NBO) method 3.1 [15] implemented in G16 as the difference between the natural charge populations of the atoms for the diene and the dienophile.
The condensed Fukui functions [16] were calculated with Bader's interpretation of atoms in molecules [17] using the TopMod09 package [18] . The wavefunction files for the topological analysis of the electron density field were obtained by single-point calculations carried out for the optimized structures. The electron density was evaluated with a cubical grid with a step size of 0.05 Bohr.
The aromaticity of the rhodanine and isorhodanine rings was tested using the harmonic oscillator model of aromaticity (HOMA) index [19, 20] . This popular index, using a simple formula based on the length of bonds in the ring under examination, provides an estimate aromaticity in a simple and reliable way [21] . For a fully aromatic ring, the HOMA index value is 1.00, for a nonaromatic ring it is about 0.00, and negative values are characteristic for anti-aromatic systems. Aromaticity is considered as a multidimensional phenomenon [22] . Owing to the expected aromaticity of rhodanines and isorhodanines, the alternative method based on magnetic properties of molecule has been investigated. The nucleus independent chemical shift, NICS, is defined as a negative value of the chemical shift calculated in characteristic points of a molecule [23] . Two NICS sub-indices, NICS(0) -a chemical shift calculated in the center of the ring [23] , and NICS(1) -a chemical shifts calculated one angstrom above the center of the ring [24] , were used.
Graphical representations of the highest occupied molecular orbitals (HOMO) were prepared using the Chimera programme [25] .
Results and discussion
The formal mechanism (see Scheme 2) assumes that DA product is formed during cycloaddition between a diene and a conjugated alkene (the dienophile). The three π-bonds break and form two single σ-bonds and one π-bond, regardless of substituents on diene + dienophile. The DA reaction is classified as a [4 + 2] cycloaddition due to orbital symmetry considerations. This is allowed by the interaction of the 4π electron system (the diene structure) with the 2π electron system (the dienophile structure).
Both investigated reactions are characterized by a single transition structure (TS) and begin with the formation of the prereaction complex. The comparison of the relative energies for both reactions is presented in Fig. 1 . The product of the reaction has three asymmetric carbon atoms yielding eight stereoisomers. The most stable stereoisomers, denoted as 8 for IsRd and 5 for Rd, are shown in Fig. 2a 
DMm complexes.
The most important aspect for understanding the reactivity of 5-arylidenerhodanine and 5-arylideneisorhodanine is the Fig. 1 The comparison of the relative energies for the pre-reaction complex, the structure of the transition state, TS, and the product of the reaction of 5-arylidenerhodanine (Rd) and 5-arylideneisorhodanine (IsRd) derivatives with the dimethyl maleate (DMm). ΔE a -the activation energy from the side of the substrates, ΔE r -the reaction energy. The value of ΔE a has been calculated in relation to the energy of the pre-reaction complex. Each stereoisomer of the product, associated TS and the pre-reactive complex are denoted with the same color Table 3 . The S-C2 and O-C2 bond length in the gas phase study of IsRd and Rd varied from 2.267-2.451 Å and 1.780-2.088 Å, respectively, i.e., in the typical range of sulfur-carbon and oxygen-carbon interactions [27] . In the presence of the solvent, the bond lengths were similar to those obtained in the gas phase, i.e., 2.284-2.448 Å and 1.822-2.065 Å, respectively.
The values of the activation energy, ΔE a , and the reaction energy, ΔE r , for both reactions are presented in Table 4 . The value of ΔE a was computed with respect to the E tot of the respective pre-reaction complex. In the case of the reaction of IsRd with DMm (gas phase), the value of ΔE a ranged from 15.19 to 22.25 kcal mol -1 , depending on the considered stereoisomer. The activation energy from the side of the product was significantly higher than that of ΔE a ; therefore, the product of the reaction was stabilized and the probability of the reaction occurring in both directions was small. The reaction energy, ΔE r , was negative for all stereoisomers and ranged from −9.78 to −27.40 kcal mol -1
. To conclude this part, the cycloaddition of IsRd with DMm is an exothermic process in the gas phase and the formation of the product is favored.
In the presence of the solvent, the value of ΔE a decreased to 15.20-20.40 kcal mol -1 . The value of the reaction energy ranged between −10.60 and −27.82 kcal mol
, and the values were more negative than those computed in the gas phase. Thus, the interaction with the solvent increased the probability of the reaction occurring and decreased the probability of the reverse process.
The analysis of the energetics of the reaction of Rd with DMm (gas phase) shows that the activation energy from the side of the reagents were similar to the values from the side of the products, i.e., 34.08-36.12 kcal mol -1 . Thus, the probability of product formation and its decomposition into the reagents was comparable, and the reaction may be reversible. Furthermore, the values of ΔE a were clearly larger than those obtained for the reaction of IsRd, so significantly more energy was needed to cross the TS. The values of ΔE r were in the range of −8.34 to 8.95 kcal mol -1 and for three Fig. 2 The optimized structures of the most stable stereoisomers of the product, denoted as 8 for IsRd (Fig. 2a ) and 5 for Rd (Fig. 2b) , for the reaction of 5-arylideneisorhodanine (IsRd) and 5-arylidenerhodanine (Rd) derivatives with dimethyl maleate (DMm) stereoisomers, they were positive (see Table 4 ). Thus, formation of the product was less preferred than in the reaction of IsRd, for which the values of ΔE r were negative for all stereoisomers. The application of the continuous model (PCM) of the solvent for the reaction of Rd with DMm resulted in a decrease in ΔE a to 32.44-34.89 kcal mol -1 and an increase of the activation energy from the side of the products. Thus, the solvent exerted a stabilizing effect on product formation. However, a comparison of the energy activation barriers from both side shows that the values were rather similar with a maximal difference of 5.71 kcal mol -1
. Thus, in solution, the reaction of Rd with DMm may also proceed in both directions. Unlike the results obtained for the gas phase, all values of ΔE r calculated using the solvent model were negative and ranged from −1.14 to −10.37 kcal mol -1
. The interaction with the solvent increased the probability of product formation.
In order to further investigate the role of solvent molecules on the energetics of both reactions, three CH 3 COOH molecules were gradually added to the interacting reagents in the discrete model of the solvent (microsolvation). The calculations were carried out at the DFT(M06-2X)/6-311+G(d,p) computational level, with the PCM solvent model (acetic acid). The values of the ΔE a and ΔE r are shown in Table 5 . The optimized structures for the TS and the products of IsRd and Rd reacting with DMm in the presence of three CH 3 COOH molecules are shown in Fig. 4 .
The presence of one, two, and three molecules of CH 3 . The interaction with acetic acid molecules favored the DA reaction of isorhodanine and made the reaction with the rhodanine less likely to occur.
The possible origin of these differences in the reactivity of Rd and IsRd in the DA reaction may be explained on the basis of the analysis of the frontier molecular orbitals [28] . The 3D plots of the HOMO orbitals for Rd and IsRd are shown in Fig. 5 . For the interaction of IsRd with DMm, the most effective interaction between the orbitals occurred for the 3p x atomic orbital at the S atom and the 2p x atomic orbital at the C2 atom. The respective values of the coefficients are similar: −0.217 and −0.377. The effective overlapping of the orbitals explains the relative ease of the formation of the S-C bond. However, for the reaction of Rd with DMm, the interaction of The pre-reaction complexes are precursors for the formation of particular stereoisomers of the reaction product similar atomic orbitals, i.e., the 2p x atomic orbital at the O atom and the 2p x atomic orbital at the C2 atom, is hindered.
The respective values of the coefficients differ by approximately one order of magnitude, i.e., -0.094 and −0.549. Because of the weak overlapping of the atomic orbitals of the HOMO of the diene with the LUMO of the dienophile, the formation of the O-C2 bond is less effective and it cannot be formed easily.
The difference between the reactivity of IsRd and Rd may also be correlated with the values of the energy gaps between the HOMO (diene) and LUMO (dienophile) calculated for the optimized geometries. The energies of the MOs are schematically compared for IsRd and DMm in Fig. 6a and for Rd and DMm in Fig. 6b . The difference between the energies of the LUMO dienophile and HOMO diene (6.793 eV and 6.157 eV) is smaller than the energy gap between the LUMO diene and HOMO dienophile (7.441 eV and 7.895 eV). Thus, the results indicate the normal electronic demand (NED) character of [29] . The values of the transferred charge, Δq, for the reactions of IsRd with DMm and Rd with DMm, calculated for TS for eight stereoisomers, are shown in Table 6 . The comparison reveals qualitative differences between the properties of IsRd and Rd. In the case of isorhodanine, all values of Δq were positive and spanned a range between 0.226e (stereoisomer 8) and 0.348e (stereoisomer 2). The flux of electron density goes from the nucleophile, IsRd, to the electrophile, DMm, in accordance with the polar character of the DA reaction. On the other hand, for rhodanine, the negative values of Δq were computed in the range from −0.215e (stereoisomer 8) to −0.063e (stereoisomer 2), with the exception of stereoisomer 1 for which Δq was small and positive (0.013e). The negative sign of Δq indicates a possible inversion of the electron density flux, where the electron density goes from DMm to Rd. This result emphasizes the difference in the physical nature of IsRd and Rd in relation to DMm. It is also worth noting that the absolute values of the transferred charge, |Δq|, were smaller for the reaction with Rd than for Fig. 4 The optimized structures of the transition state and the product for the reaction of 5-arylideneisorhodanine (IsRd) and 5-arylidenerhodanine (Rd) derivatives with dimethyl maleate (DMm) with three molecules of the acetic acid. The ν 1 value corresponds to the imaginary frequency for transition state The DA reactions were also analyzed using the global indexes defined in the conceptual DFT. Recent studies, carried out for cycloaddition reactions with a polar character, have shown that these indexes are powerful tools to study both reactivity and regioselectivity [30] [31] [32] .
In Table 7 , the values of the electronic chemical potential μ, chemical hardness η, global electrophilicity ω, and empirical nucleophilicity index N [33, 34] for the Rd, IsRd, and DMm (cis, trans) molecules are presented. Since the electronic chemical potential of IsRd (μ = −0.183 a.u.) and Rd (μ = −0.179 a.u.) is higher than that of the cis-DMm (μ = −0.195 a.u.) and trans-DMm (μ = −0.211 a.u.), the net CT during a polar DA reaction occurs from the diene to the dienophile. It is worth noting that the obtained result suggests an opposite net CT between Rd and trans-DMm than that calculated with the NPA method. According to the interpretation of the ω and N indexes proposed by Domingo et al. [35, 36] , IsRd can be considered as a moderate nucleophile and strong electrophile. DMm can be considered as a strong electrophile and a marginal nucleophile. However, it was found that the global electrophilicities of IsRd (2.267 eV) and Rd (2.096 eV) were higher than those of cis-and transDMm (1.602 eV and 1.967 eV, respectively). Therefore IsRd and Rd will act as electrophiles, while DMm acts as a nucleophile. From this point of view, the studied reaction may be classified as the inverse electronic demand (IED) type.
Another look at the reactivity of IsRd, Rd, and DMm was obtained from the analysis of the values of the Fukui function [37] , f(r), for the atoms taking part in the formation of C1-C3, S-C2, and O-C2 bonds. The S, C3 atoms in IsRd, the O, C3 atoms in Rd, and the C1, C2 atoms in DMm (cis, trans) were considered. The Fukui function is widely used in the prediction of reactive sites in molecules [38] [39] [40] . The values of the f + (r), f − (r), and f 0 (r) functions, which can be interpreted as indicators of the preferred place of the nucleophilic, electrophilic, and radical attack in molecules, are presented in Table 8 .
The S atom in IsRd exhibited similar values of the f + (r), f − (r), and f 0 (r) functions (0.22-0.34). Thus, isorhodanine can Fig. 6 The comparison of the energies of HOMO and LUMO (frontier molecular orbitals) for IsRd and DMm (a) and for Rd and DMm (b). The calculations carried out for isolated monomers. NED -the normal electron demand Diels-Alder reaction, IED -the inverse electron demand Diels-Alder reaction The most stable stereoisomers 8 and 5 of IsRd and Rd, respectively, are considered Finally, the issue of the aromaticity of the TS for the reactions of Rd and IsRd with DMm is discussed. A high degree of aromaticity for Diels-Adler reactions has been postulated and studied theoretically in the past [41] [42] [43] . However, aromaticity changes during DA reactions for complicated heterocyclic systems such as Rd and IsRd have not been examined yet. In order to gain insight into this problem, we calculated the HOMA index values for Bpure^rhodanine and isorhodanine rings and their derivatives with exocyclic =CH 2 and =CHPhe substituents (Rd and IsRd) for both reagents (diene and dienophile) with geometrical structures optimized for the pre-reaction complexes (Substrates, Sub) and finally for the TS of the DA reactions.
The calculated HOMA values are presented in Table 9 for both the gas phase and in the presence of the solvent (acetic acid). The aromaticity of Bpure^rhodanine and isorhodanine rings was very poor, as indicated by the negative HOMA values. As mentioned previously, the higher the HOMA index, the stronger the predicted aromaticity, with a value of 1.00 defining a fully aromatic ring. Thus, rhodanine and isorhodanine with Bpure^rings can be considered as slightly antiaromatic compounds. They both gain a very small amount of aromaticity when the exocyclic substituent with a double bond (=CH 2 ) is attached to the ring. For such a derivative, the HOMA index has a positive value of about 0.18. The HOMA index increased again, by about 0.04 units, in the derivatives with a =CHPhe substituent instead of =CH 2 . Another slight increase in aromaticity was observed for the pre-reaction complexes where the dienophile and the diene interacted through noncovalent interactions (with a small exception for Sub1). Then, the reaction started and the corresponding TS was formed. For this step, a large increase in aromaticity was noted. Aromaticity increased to HOMA values of 0.60 (IsRd) and 0.75 (Rd). Thus, the aromaticity of the transition states was significantly higher than that of the simpler systems. On the other hand, the aromaticity of the TS for the DA reactions of Rd and IsRd derivatives was not perfect and was still far from a HOMA value of 1.00. However, it is still quite high for a not fully conjugated compound. It was clearly observed that the aromaticity of the studied heterocyclic ring was a bit higher in the acetic acid environment than in the gas phase. However, the influence of the solvent was small, typically about 0.05 HOMA units. All main aromatic features evaluated above from the HOMA data are followed by the results of NICS calculations. Thus, we gathered NICS data in Table S2 and stored it as supplementary data. Aromaticity is an important factor for molecular energies. Thus, in conclusion, we can say that the aromatic stabilization of studied reaction transition states is important but is not a deciding factor. If so, reactions with Rd, where the TS usually showed slightly stronger aromatic stabilization, would have been easier to conduct. In addition, there was no correlation between the degree of TS aromatic stabilization and the ΔE a values presented in Table 1 .
Conclusions
A quantum chemical study, carried out for the DA reaction of 5-arylidenerhodanine and 5-arylideneisorhodanine with dimethyl maleate (in the gas phase and in solution), enabled us to explain experimentally observed differences in the reactivity of both molecules. The high reactivity of isorhodanine is associated with a relatively low activation energy, ΔE a , that is needed to cross the TS, and a much larger value of the barrier, which separates the TS from the product. The lower reactivity of rhodanine in the DA reaction is due to a higher value of ΔE a , i.e., 35.06 kcal mol -1 (gas phase) and 33.75 kcal mol -1
(acetic acid), with similar values of energy barriers from both side. The probability of the reversible process is much greater for the reaction with rhodanine. The reaction energy for the reaction of isorhodanine with dimethyl maleate was clearly smaller than for the reaction of rhodanine with dimethyl maleate. Thus, the formation of the product in the latter case is thermodynamically less favored.
The application of the PCM model of the solvent for the reaction of isorhodanine resulted in a decrease in ΔE a and ΔE r , favoring the formation of the product. In the case of rhodanine, in the presence of the solvent, similar values of energy barriers were obtained.
Modeling microsolvation in the acetic acid phase with three CH 3 COOH molecules showed a decrease in the energy barrier ΔE a for isorhodanine by 2.68, 2.80, and 2.87 kcal mol . Thus, the presence of acetic acid favors the DA reaction of isorhodanine and makes the reaction with the rhodanine less likely to occur.
The analysis of frontier molecular orbitals taking part in the formation of S-C2 and O-C2 bonds in the TS, showed effective overlapping of the atomic orbitals of the S and C2 atoms in isorhodanine and a small degree of overlapping between the atomic orbitals of the O and C2 atoms in rhodanine. This result corresponds to the smaller value of the energy barrier ΔE a computed for the reaction of isorhodanine and the higher value of ΔE a for rhodanine.
Aromatic stabilization of transition states has been documented. The rhodanine and isorhodanine rings in the TS of the studied DA reactions were aromatic. This type of stabilization clearly had an influence on the energy of the studied TS reactions. However, this aromatic stabilization is not responsible for determining which reaction is easier to perform with rhodanine or isorhodanine agents.
